Endothelial heterogeneity reflects many functions performed by endothelial cells (ECs) in various tissues. However, the origin of this heterogeneity is unclear. Here, we report that tissue-specific ECs in lungs, brain and liver co-expressed the lineage markers of their coordinating tissue-specific cells at very early stages. Specifically, we found that the pulmonary EC population was significantly suppressed after pulmonary epithelial-specific (Nkx2.1-Cre mediated) deletion of fetal liver kinase-1 (Flk1). Together, the results suggest that tissues-specific ECs may originate from the same progenitor cells as tissue-specific cells.
Introduction
Vascular endothelial cells (ECs) form the interface between tissue and circulating blood. However, the endothelial functions are not limited to lining vascular structures, but include multiple roles in organogenesis and regulation of biological processes [1] . Although ECs from various locations share common features, tissue-specific ECs display distinct morphological features and specific gene signatures [2] [3] [4] [5] [6] , and coordinate with organ-specific cells to allow for unique structures and functions [4, 5] . In the lungs, pulmonary ECs differentiate in parallel with epithelial cells to form gas exchange units, which supply oxygen and release waste [7, 8] . In the brain, ECs associate with neurons to develop the semipermeable blood-brain barrier, which protects the neuronal environment and balances the biochemical regulation [9, 10] . In liver, the connections between ECs are discontinuous and allow the hepatocytes to easily communicate with the bloodstream in order to clear toxins and deliver nutrition [11] . However, the origin of tissue-specific ECs remains unclear, and it is not known whether these ECs differentiate from the same progenitor cells as the corresponding tissue-specific cells. In this study, we found that tissue-specific ECs in lungs, brain and liver share tissuespecific lineage markers at early developmental stages. Pulmonary epithelial-specific deletion of Flk1 as directed by a Nkx2.1-Cre transgene decreases the EC population in the lungs. Together, our data suggest that ECs and tissue-specific cells may derive from the same progenitor cells.
Methods
Wild type, Nkx2.1 cre (Tg(Nkx2.1-cre)2Sand/J) and Flk1 flox/wt (Kdrtm2Sato/J) mice on C57BL/6J background were obtained from the Jackson Laboratory. All mice were fed a standard chow diet (Diet 8604, HarlanTeklad Laboratory). The studies were reviewed and approved by Institutional Review Board and conducted in accordance with the animal care guideline set by University of California, Los Angeles. The investigation conformed to the National Research Council, Guide for the Care and Use of Laboratory Animals, Eighth Edition (Washington, DC: The National Academies Press, 2011).
Animals
Immunofluorescence was performed as previously described [12] . We used specific antibodies for Flk1 (Cell Signaling Technology, Cat: 9698), Nkx2.1, CD31, Sox2 and Gata4 (Abcam, Cat: ab76013; ab28364; ab97959; ab84593). The nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich). 
Immunofluorescence

Flow Cytometric Analysis
Fluorescence-activated cell sorting (FACS) was performed as previously described [12] 
Results
Statistical analysis
Two-sided t-test was used to analyze the Data. The analyses were performed using GraphPad Instat®, version 3.0 (GraphPad Software). Data represent mean + standard deviation (SD). P-values less than 0.05 were considered significant, and experiments were repeated a minimum of three times. Data were analyzed for statistical significance by ANOVA with post hoc Tukey's analysis.
Pulmonary endothelial cells with Nkx2.1 expression
Expression of the transcription factor Nkx2.1 is a hallmark of pulmonary specification [13, 14] . To investigate the possibility that pulmonary ECs are derived from Nkx2.1-positive progenitor cells at an early stage of lung development, we examined wild type lungs at E10.5 where the pulmonary epithelium first appears after the lung buds emerge from the foregut endoderm [13] . We found ECs that were double-positive for endothelial marker (Flk1 or CD31) and Nkx2.1 adjacent to epithelial cells, which only expressed Nkx2.1 (Figure 1a To determine the impact of reducing Flk1 expression in Nkx2.1 positive cells on the pulmonary EC population, we generated Nkx2.1
Cre
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flox/wt mice, in which Cre expression is driven by the Nkx2.1 promoter to reduce Flk1 (Figure 1d ). We examined the pulmonary EC population of Nkx2.1
Cre
Flk1
flox/wt mice by flow cytometric analysis, and found a significant decrease in the EC population (Figure 1e) . The real-time PCR also showed a reduction of other endothelial markers, CD31, von Willebrand factor (vWF) and Tie2, in the lungs of Nkx2. 1   Cre   flk1 flox/wt mice, suggesting that Nkx2.1-positive progenitor cells are the origins of pulmonary ECs.
To further characterize Nkx2.1 positive ECs, we examined the co-expression of Nkx2.1 with Flk1 or Flt1 in wild type embryonic lungs at different time points. The results showed that, from E11.5 to E18.5, the total numbers of Flk1 and Flt1 positive cells increased, but the population of Flk1/Nkx2.1 or Flt1/Nkx2.1 double-positive cells decreased from E14.5 and were barely detectable at E18.5 when the vascular networks formed (Figure 2a-c) . The results suggest that pulmonary ECs are derived from the same progenitors as epithelial cells but commit to vascular lineage during the lung development. 
Brain endothelial cells with Sox2 expression
Sox2 is a key regulator of neuronal differentiation and brain development [15] . To investigate whether brain ECs are derived from Sox2-positive cells, we examined wild type brain at E10.5 and E14. We found Flk1 and Sox2 double positive ECs adjacent to the developing brain cells, which only expressed Sox2 (Figure 3a) , suggesting that these ECs and brain cells are derived from the same progenitor cells. We dissected E12.5 embryonic brains and analyzed the cell populations by flow cytometric analysis. We found that a group of ECs co-expressed Sox2 and the endothelial marker VE-cadherin (Figure 3b) . However, similar to the lungs, the population of Flk1/Sox2 double-positive cells were undetectable after E18.5 when vascular network formed (Figure 3a) .
Hepatic endothelial cells with Gata4 expression
Gata4 is an early driver of hepatic differentiation [16] . We examined wild type embryonic liver at E10.5 and E14.5, and found that Flk1/Gata4 double-positive ECs appeared in the tissue surrounded by the hepatocytes, which only expressed Gata4 (Figure 4a ). We further dissected E12.5 embryonic livers, and analyzed cell populations by using flow cytometry. We found that the population of VE-cadherin positive ECs co-expressed Gata4, suggesting that both ECs and hepatocytes are derived from Gata4-positive progenitor cells (Figure 4b ). Similar to the lungs and brain, after E18.5, the population of Flk1/Gata4 double-positive cells were undetectable in the vascular networks (Figure 4a ).
Together, our results suggest that early tissue-specific ECs may be derived from the same progenitor cells as their neighboring organ-specific cells. 
Discussion
In this study, we investigated if tissue-specific ECs are derived from the same progenitor cells as the organ-specific cells. We found that, at early developmental stages, ECs in lungs, brain and liver express tissue-specific markers, which are reported as the important early drivers for the development of these organs [13] [14] [15] [16] . When deleting Flk1 expression in pulmonary Nkx2.1 positive cells, we found a decrease in the pulmonary EC population. This is the first study to uncover that the development of tissue-specific ECs may follow the same early path as tissue-specific cells, and may explain the reason for heterogeneity of ECs in different tissues. Furthermore, the same origin of ECs and tissue-specific cells may facilitate the coordination between vascularization and tissue formation during development and tissue repair.
Co-expression of endothelial and tissue-specific markers were detected in ECs at early stages, after which the tissue-specific markers vanished as the vascular networks started to form. This may mark the divergence in developmental direction between ECs and organ-specific cells towards different functions. However, ECs and organ-specific cells may continue to communicate and coordinate the responses to focal and systemic stimuli. Such coordination has been demonstrated in normal development, and may also contribute to the progression of disease.
Our previous studies have shown that ECs are able to transition into other cell lineages through endothelial-mesenchymal transitions [12] . Here, we provide evidence that the endothelial lineage co-exist with tissue-specific lineages during early stages of organogenesis, which support a considerable plasticity in ECs. This plasticity enables ECs to contribute cells to normal development, such as neurogenesis and cardiogenesis [17, 18] , but also to the progression of pulmonary hypertension [19] , atherosclerosis [20] , vascular calcification [21] , cardiac and renal fibrosis [22, 23] , fibrodysplasia ossificans progressive [24] , and cancer [25] .
Expression of brachyury is essential for the development of the primitive streak, which has a role in the development of multiple organs [26] . Lineage tracing has shown that Flk1 positive cell derived from brachyury positive mesodermal cells can differentiate into embryonic ECs [27] . Since deficiency of Flk1 leads to lack of embryonic vessels and lethality [28] , the origin of tissue-specific ECs and formation of vascular network is unclear. It was previously hypothesized that brachyury/Flk1 double positive mesodermal cells migrate into the tissues to generate ECs and vascular networks. However, this hypothesis is unable to explain the heterogeneity of ECs in different tissues. Meanwhile, lineage tracing further shows that brachyury/Flk1 double positive cells also differentiate into non-lineage lineages, such as skeletal muscle and cardiomycytes [27] . This suggests the possibility that tissue-specific ECs and organ-specific cells have the same developmental origin. Here, we find the Flk1 positive ECs co-express tissue-specific markers in several organs, which supports that early populations of tissue-specific ECs may have the same origins as organ-specific cells.
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